Monomeric sarcosine oxidase: structure of a covalently flavinylated amine oxidizing enzyme
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Introduction

Monomeric sarcosine oxidases (MSOX) are among the
simplest members of a recently recognized family of
prokaryotic and eukaryotic enzymes that contain covalently
bound flavin and catalyze similar oxidation reactions with
various secondary or tertiary amino acids [1-3]. MSOX
from Bacillus sp B-0618 has 386 residues, a molecular
mass of 43.8 kDa, and an Mkerminal ADP-binding motif
[4]. The enzyme contains 1 mol of FAD, which is bound
covalently through an 8-S-cysteinyl linkage to Cys315.
MSOX catalyze the oxidation of sarcosine (N-
methylglycine) by molecular oxygen and water to form
glycine, formaldehyde, and hydrogen peroxide [5].

Methods and Materials

Multiwavelength anomalous diffraction (MAD) data were

map was averaged about the NCS two-fold axis with further
solvent flattening using DM [10]. Masks were calculated
with NCSMASK [10]. The final figure of merit was 0.92 to
2.0 A. The quality of the experimental map was
exceptionally good as expected from the phasing statistics.
All main chain and side chains, except for a few terminal
residues, could readily be modeled in the density using the
program TURBO [12].

The selenomethionine MSOX model was subjected to
simulated annealing refinement with X-PLOR [13] using
tightly restrained NCS. This was followed by several rounds
of positional and temperature factor refinement with loose
NCS restraints combined with manual rebuilding. About
200 water molecules were added. The final model consists
of residues 1-385 for both molecules as there was no
density for the remaining four residues. The refined
selenomethionine structure without water was subjected to

collected at beamline 19-1D at the Advanced Photon Sourcesimulated annealing refinement against the native data set,
Argonne, lllinois. Data processing was carried out using the followed by a refinement procedure similar to that

HKL package [6]. All MAD data were collected from a

employed with the selenomethionine structure. Two fo-fc

single selenomethionine MSOX crystal, which was frozen atdifference density maps were calculated for the seleno-

100 K. Data sets were collected at four wavelengths at or

methionine inhibitor-soaked data sets, followed by

near the K absorption edge of selenium. Wavelengths were modeling of the inhibitor into the resulting density.

selected on the basis of an x-ray fluorescence spectrum
collected directly from the crystal: edge (0.9794 A) was
optimized for S-'; peak (0.9792 A) was at maximal S-", low

Results and Discussion

(1.0679 A), and high (0.9392 A) were recorded to obtain the Monomeric sarcosine oxidase is a two-domain protein of the
dispersive differences. Due to the alignment of the crystal inflavoenzyme structural class first observeg-in
the cryoloop, an inverse beam experiment was performed inhydroxybenzoate hydroxylase (PHBH) [14]. One domain

which at each energy data were recorded over a rarf@e of
atX = 0,K =0, and fixedd and again at
@ + 180.

The MAD data were combined with MADMRG [7] and
analyzed using HEAVY and SOLVE [8, 9]. From Patterson
maps calculated with the anomalous differences and with
the dispersive differences, 14 selenium sites were found in
the asymmetric unit, indicating the presence of two

contains a "classic" FAD-binding motif common to the

PHBH class and to the glutathione reductase (GR) [15] class
of flavoproteins. In MSOX, this motif consists of a five-
stranded parallgd-sheet flanked on one side by twe
helices(aF1 andaF2) preceding strandd-2 andBF3 of the
sheet, respectively, and by a three-stranded antipgBallel
sheet(a"B-meander", strandd-4-3F6) on the other side of
the sheet preceding strafl7. A third and fourth helix

(aF3 andaF4) are packed on either side of the sheet near

molecules per asymmetric unit. Visual analysis of the heavy strand3F8 andBF9. The FAD-binding motif is interrupted

atom coordinates revealed the presence of a local two-fold
axis approximately parallel to the crystallographic b axis
relating the two molecules in the asymmetric unit. This
allowed us to establish the noncrystallographic symmetry
(NCS) operator relating the two molecules using LSQKAB
[10].

The selenium parameters were refined with the maximum-
likelihood program SHARP [11] and solvent flattened using
a solvent content of 42%. The resulting electron density

twice by excursions into domain 2, the "catalytidmain, a
two-part, eight-stranded mostly antiparapetheet. One

part interrupts the flavin-binding motif between strafieig
andpF3 and comprises three antiparafiedtrands
(BC13C3) interspersed with threehelices. The other part
interrupts the motif between strarfgis7 andBF9 and
comprises five antiparall@-strands C4-3C8) plus one-
helix. The two-part nature of domain 2 is characteristic of
the PHBH flavoprotein class. In the GR flavoprotein class,
the second domain, a dinucleotide-binding domain closely



resembling the FAD-binding domain, occurs as a single [11] E. de La Fortelle, J. J. Irwin, and G. Bricogne,

excursion interrupting the FAD-binding domain betw@en Crystallographic Computing,{1997).

strands 4 and 5. [12] A. Roussel and C. Cambilla8Bilicon Graphics
Geometry Partners Directory 8gilicon Graphics,

FAD is bound to MSOX in a manner similar to that of other Moutain View, CA, 1991).

members of the PHBH class of flavoenzymes, in particular [13] A.T. Brunger, X-PLOR (version 3.Manual of a

to DAAQO. It is in an extended conformation and is almost system for crystallography and NMRale University,
totally isolated from the bulk solvent; this includes the New Haven, CT, 1993).

adenosine portion of the molecule, which is partially [14] H.A. Schreuder, P.A. Prick, R.K. Wierenga, G.
exposed to the bulk solvent in many FAD-containing Vriend, K.S. Wilson, W.G. Hol, and J. DrenihMol.
flavoenzymes. The covalent, hydrogen-bonding and Biol 208 679-696 (1989).

electrostatic interactions made by FAD in the enzyme [15] P.A.Karplus and G.E. Schulk, Mol. Biol 195,
include one covalent bond, 28 hydrogen bonds (of which 701-729 (1987).

eight are to solvent molecules), and two helix dipoles. One
of the helix dipoles, at the N-terminusadf4, points toward
the N(1)/0O(2) portion of the flavin ring; the other dipole, at
the N-terminus ofiF1, points toward the pyrophosphate
group of FAD. Both of these helix dipole interactions are
found in all members of the PHBH and GR classes of FAD-
binding proteins, since both classes share the same FAD
dinucleotide-binding motif. ThaF1 helix serves to

partially neutralize the double negative charge on the
pyrophosphate group, while thé4 helix serves to help
stabilize the electrophilic character of the flavin ring and the
anionic forms of the hydroquinone and semiquinone. The
latter may also help promote covalent flavinylation of
certain members of these two flavoprotein classes.
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